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Near-Optimal Propulsion-System Operation
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A methodology for determining the near-optimal operation of the propulsion system of hybrid air-breathing
launch vehicles is derived. The method is based on selecting propulsion-system modes and parameters that max-
imize a certain performance function. This function is derived from consideration of the energy-state model of
the aircraft equations of motion. The vehicle model reflects the many interactions and complexities of the multi-
mode air-breathing and rocket engine systems proposed for launch-vehicle use. The method is used to investigate
the optimal throttle switching of air-breathing and rocket engine modes, and to investigate the desirability of using
liquid-oxygen augmentation in air-breathing engine cycles, the oxygen either carried from takeoff or collected in

" flight. It is found that the air-breathing engine is always at full throttle, and that the rocket is on full at takeoff
and at very high Mach numbers, but off otherwise. Augmentation of the air-breathing engine with stored liquid

oxygen is beneficial, but only marginally so.

Nomenclature

A = air collection capture area, ft?
C = specific fuel consumption, slugs/s per pound of thrust
D = drag, b
E = specific energy,-ft
e = equivalence ratio, the ratio of actual fuel flow rate to

stoichiometric fuel flow rate

= integrand of cost functional, ft/slug

fo = ratio of component of thrust along velocity vector to

total thrust
g = local acceleration due to gravity, ft/s
8s = sea-level acceleration due to gravity, ft/s>
h = altitude, ft
J = cost functional, ft*/slug
J' = inverse cost functional, 1b
K = fuel mass/volume weighting parameter, 1b/ft>
K* = optimal value of K
L = lift, Ib
m = mass, slug
mg = total fuel mass, slug
P = specific excess power, ft/s
P, = atmospheric static pressure, lb/ft?
0 = oxygen storage functional, ft*/slug?
0> = air collection functional, ft?/slug?
R = radius of Earth, 20.92 x 10° ft
T = thrust, Ib
Ty = maximum thrust available, 1b
t = time, §
Vv = speed, ft/s
Vs = total fuel volume, ft3
Wempy = empty weight, Ib
Weo = gross liftoff weight, b
o = angle of attack, deg
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= engine mass flow rate, slug/s
= flight-path angle, deg
= thrust offset angle, deg
= perturbation parameter
= flow-rate ratio
ir = ratio of oxygen mass to air mass
= throttle setting
= fuel density, 1b/ft3
= optimization function, a weighted sum of fuel mass
and volume, 1b
= throttle switching parameter
= components of Coriolis acceleration, s~
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Subscripts

= airbreather

= propulsion type i

oxygen

rocket

side force component

= component along velocity vector

= component perpendicular to velocity vector and in
vehicle plane of symmetry

o
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Introduction

TUDIES are underway to select the next generation of space
launch vehicles. The main incentive is to dramatically reduce
the cost of access to space. The key to achieving this goal is thought
to be use of vehicle systems that are completely reusable and oper-
ationally more like current aircraft than current launch vehicles.
One launch-vehicle candidate is a single-stage-to-orbit (SSTO)
airplane that accelerates within the atmosphere with air-breathing
engines for a substantial portion of its flight. This concept has been
developed under the National Aerospace Plane program.! Such an
airplane (Fig. 1) is considerably different than any aircraft ever built
and flown, and its development presents many challenges, most
notably the design and operation of the propulsion system.
This paper presents a method of determining the near-optimal
operation of the propulsion system of a SSTO hybrid air-breathing
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Fig. 1 Single-stage-to-orbit ABLV.

launch vehicle (ABLV). The method is suitable for use in a vehi-
cle synthesis or preliminary design computer code, where ease of
use and minimal calculation time are required. It would also be
suitable as an on-board automatic propulsion-system controller.

Several authors have developed simplified trajectory analyses for
ABLVs, and most of these include propulsion-system optimization
schemes.? % All of these analyses are based on reduced-order model-
ing, and most employ the energy-state approximation. The approach
in this paperis an extension and refinement of the method developed
in Refs. 5 and 6.

Analysis of ABLV engine operation must take account of the
following features (most are unique to hypersonic vehicles):

1) Because of the wide speed range of the vehicle, several dif-
ferent engine types are required; typically these are a low-speed
turbomachinery system, a ramjet, a scramjet, and a rocket. The per-
formance of one engine type is often dependent on the performance
of another type, which may be in operation simultaneously.

2) An engine type may have several modes of operation. For
example, the flow of air into the scramjet may be augmented with
liquid oxygen (LOX); this LOX may be carried in tanks at takeoff or
may be collected from the atmosphere at lower speeds. As another
example, the rocket engine may be of dual-fuel type, that is, able to
burn two propellant fuels simultaneously in a controllable ratio.

3) The scramjet engine requires a minimum fuel flow rate for
cooling of the engine—airframe structure. The cooling flow require-
ment depends on speed, altitude, amount of LOX augmentation, and
several other variables, and can be as much as three times the flow
required for stoichiometric combustion at higher Mach numbers.

4) Vehicle angle of attack has a strong affect on air-breathing
engine thrust; because the forebody acts as an inlet ramp, the mass
capture of the engine is nearly directly proportional to .

5) Many of the engine types have a net thrust vector that makes
a significant angle with the vehicle longitudinal centerline, up to as
much as 50 deg. This decreases the thrust along the velocity vector,
affects the required aerodynamic lift, and influences the performance
of other engine types through « effects.

6) Because of the low density of liquid hydrogen (LH,) fuel,
hypersonic vehicles are sensitive to fuel volume as well as fuel
mass. Consequently, both must be allowed for in any optimization
criteria.

The analyses of Refs. 2—4 each include some, but not all, of these
features. Our approach incorporates all six. This is accomplished by
a suitable choice of cost functional and by modeling the vehicle with
the Hypersonic Air Vehicle Optimization Code (HAVOC), briefly
described in Refs. 5 and 6. This code has been developed specifically
to model the interdisciplinary interactions in hypersonic aircraft and
to provide accurate preliminary estimates of vehicle performance.
It has been validated by extensive comparison with detailed hyper-
sonic vehicle designs.

Angle-of-attack variations affect mainly mass capture of the air-
breathing engine (because the vehicle forebody-acts as the compres-
sion surface), with secondary effect on inlet kinetic energy efficiency
and hence cycle specific impulse. The propulsion model in HAVOC
computes two-dimensional keel-line mass capture as a function of
freestream Mach number, forebody geometry, and inlet cowl posi-
tion. Since the angle of attack typically varies between 0 and 5 deg,
variations in cycle specific impulse with angle of attack have been
neglected.

Selection of the size of the air-breathing engine is a compromise
between mass capture requirements for thrust (i.e., acceleration re-
quirements) and propulsion-system weight. The latter is important
because hypersonic-engine unit weights are significantly higher than
those for typical aircraft structures, due to high design pressure and
temperature. In HAVOC, engine width and shock-on-lip Mach num-
ber determine engine size, and were based on comparable transat-
mospheric engine designs. The thrust-to-weight ratio of the rocket
was selected to meet takeoff requirements.

In this paper, HAVOC is used to determine the near-optimal op-
eration of the various multimode engine types. In particular, we
determine the trajectory points where the rocket and air-breathing
engines should be turned on and off, and where LOX augmentation
should be used in the scramjet.

Derivation of Propulsion-System Optimization Function

The derivation begins with the singularly perturbed equations of
motion of a point-mass airplane with the following assumptions:
1) the aircraft flies in a great circle about a spherical, rotating Earth
(terms in the square of the Earth’s rotational speed are neglected),
2) the time rate of change of the flight path angle is neglected, 3) the
effect of sideslip on vehicle drag is ignored (sideslip is necessary to
maintain great-circle flight over a rotating Earth), and 4) there are
no ambient winds. Under these assumptions, the equations are

eh=Vsiny
E = (V/mg)(Ty — D) = P

m=—
b M
Vecosy gceosy T,+L
0= - 2
R+h v Ty T2
0=T;, -2m(Q,Vcosy — QrVsiny)
Energy, altitude, and velocity are related by the equation
AR 1
E=—— v? 2
R+h + 28s @

Equations (1) with € = 1 are the trajectory equations in the HAVOC
code.

Consistent with this point-mass vehicle model, the trajectory is
flown untrimmed. Auxiliary calculations have shown that although
the ram drag and gross thrust vectors are large, their moments tend
to cancel out. This results in relatively moderate pitching moments,
and the vehicle can be trimmed along the entire trajectory.

InEgs. (1), the singular perturbation parameter € has been inserted
in such a way as to give the energy-state approximation when ¢ = 0:

E=P
. 3
m=-—8

To be useful, these equations must be dependent only on altitude and
speed. In general, however, P also depends on «, which couples the
energy-state equation to the other equations in Egs. (1). In subsonic
aircraft, this dependence is generally eliminated by assuming that
the thrust vector is aligned with the velocity vector and by evaluat-
ing the drag with lift equalized to weight. For hypersonic aircraft,
however, the dependence of P on « is quite complicated and signif-
icant. First, the thrust vector is considerably offset from the velocity
vector, and it is only the component along the velocity vector that
affects P. Second, the thrust magnitude for the air-breathing engine
also depends on «, because « affects the mass capture area and thus
the airflow into the engine. Finally, if both a rocket engine and an
air-breathing engine are operating simultaneously, the rocket throt-
tle setting affects airbreather thrust through « effects. All of these
effects are allowed for in the present paper, and, consistent with the
energy-state approximation, the value of « used to evaluate P is de-
termined by enforcing equilibrium in the airplane plane of symmetry
perpendicular to the velocity vector.
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For a SSTO mission with a hypersonic aircraft, what is desired
is a trajectory that gives the minimum gross takeoff weight, or the
minimum empty weight, to put a given payload mass and volume in
orbit. Because LH,-fueled aircraft have relatively low gross densi-
ties and correspondingly high ratios of surface area to gross weight,
these aircraft are sensitive to perturbations in volume as well as in
mass; it is therefore necessary to minimize a weighted sum of fuel
mass and volume. Thus, the quantity to be minimized is

$=msg; +KVy C))

Another feature of ABLVSs that needs to be taken into account is
that they have typically several (more or less) independent propul-
sion types. If there are n types, the total thrust (along the velocity
vector) and fuel flow rates are

n
T,=fu Z 70; Tayi cos(e + ;)

i=1

B= iﬂi = Zn:CﬁTiTMi

i=1 i=1

6))

The quantity to be minimized fora given energy gain is

¢ i Er é
J’=/ d¢=f ¢dt=f —dE (6)
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where Eq. (3) was used. It is assumed that $>0,P>0and Eis
monotonically increasing. If the propellent density is p =m g,/ V¢,
then from Eqs. (3) and (4),

. H - K
¢=mfgs+K'—f)—gi=leigs(l+;) @)
i=1 '

For convenience, we choose to invert the integrand in Eq. (6) and
maximize; from Eqgs. (1) and (5-7), the quantity to be maximized is

Ef
J_—./ FdE ®)
E

o

where
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If propulsion type i has two propellants (one of which may be LOX)
with densities py; and py;, and the ratio of flow ratesis n; = my; /my;,
then the density to be used in Eq. (9) is

(&)

o2 (1 +m
pi=P1p2( +n:) (10)
Pt + NP

The vehicle angle of attack used in evaluating Eq. (9) is determined
by enforcing vertical equilibrium [see Eq. (1)]:

14 g T,+L

SR¥h V. mv +20y b
Equations (8) and (9) may be used in many ways to study near-
optimal ABLV design and operation. For example, if 4 (and a cor-
responding V) is chosen at each energy level to maximize F, then a
near-optimal flight path, called the energy-climb path, is developed
(see Refs. 5 and 6, for example). As another example, if two inde-
pendent propulsion systems are available at one point in the flight
envelope, evaluation of F will indicate which one, or both, should
be operated. As a more complicated example, if an air-breathing
engine uses LOX augmentation at one point in the climb path, the
performance at other parts of the trajectory is affected because of
the additional weight and volume of the 1.LOX and its tankage; this

type of analysis requires the evaluation of the functional J.
In this paper, the flight path will be fixed, as shown in Fig. 2,
and attention will be focused on the operation of the propulsion
system. Two representative problems will be studied to illustrate

250000

200000 /

=
= 150000 /J
°
=
Z 100000 e

50000

0
0 5 10 15 20 25

Mach Number
Fig. 2 ABLYV ftrajectory.

1.00 cx /L
Wgto 0.9
Wotok=o \ —o—WGTO /
0.98

; —o— Wempty /
0.97 :
Wempty L
Wempty, _q 0.96 /
0.95 M‘/
0 1 2 3 4 5 6
K

Fig. 3 Effect of weighting parameter K.

the approach. First, the near-optimal throttle switching between air-
breathing and rocket engines will be determined, and second, near-
optimal use of LOX augmentation in the scramjet engine will be
addressed. The flight path is for a launch due east at latitude 35° and
then acceleration to Mach 25.265 following dynamic pressure and
heating constraints.

Before proceeding with these analyses, the optimal value of K
will be determined. This is done numerically by computing closed
vehicles for a range of values of K, that is, iteratively exercising the
HAVOC code to obtain the gross takeoff weight and volume required
to put a specified payload weight and volume in the specified orbit.
Because the throttle switchings are changing during these iterations,
the propellent bulk density is changing as well. The result for a typi-
cal ABLYV is shown in Fig. 3. Itis seen that, with fuel density in Ib/ft3,
avalue of K = 3, denoted hereafter by X*, gives very nearly a min-
imum of both takeoff weight and empty weight, and this value will
be used throughout the rest of the paper. The figure shows that use
of the optimally weighted cost functional saves 4% in gross weight
and 5% in empty weight, relative to minimizing fuel weight only.

Optimal Airbreather—Rocket Throttle Switching
Now assume that there are two independent propulsion types, an
air-breathing engine and a rocket engine. It is desired to develop
an algorithm for optimal throttle selection for the two types. This
problem has been addressed in Refs. 1-3, 5, and 6. In this section,
the approach of Refs. 5 and 6 is reviewed and extended.
The function F is now

_ VI fomaTag cos(e + 8,) + furty Ty cos(a +6,) — D]
mgs[canaTMa(l + K/pa) + ch[rTMr(:l + K/pr)]

(12)

The controls are now the throttle settings, 7, € [0, 1] and 7, €
[0, 1]. If py and po are the densities of LH, and LOX, respectively,
then p, = py and, from Eq. (10),

- popu(l + 1)

- (13
Po + N pu )

r

where 7, is the oxidizer-to-fuel flow ratio of the rocket.

The constraints on the controls will now be discussed. Figure 4
shows the constraints on the throttle settings. Figure 4a shows the
equivalence ratio e as a function of freestream Mach number for
the air-breathing engine. The resultant thrust from the air-breathing
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Fig. 4 Constraints on throttle controls.

propulsion system is then the product of four variables: the equiva-
lence ratio, the stoichiometric fuel-to-air ratio, the air mass flow rate
captured by the engine, and the cycle specific impulse. The stoichio-
metric fuel-to-air ratio is a function of the fuel type. The air capture
rate is computed as a function of Mach number, freestream dynamic
pressure, angle of attack, and forebody—cowl geometry. The specific
impulse is strongly dependent on freestream Mach number and en-
gine equivalence ratio, and only moderately dependent on dynamic
pressure and angle of attack. In this analysis, the specific impulse
is modeled only as a function of Mach number at full throttle set-
ting (7w, = 1). This approximation will give acceptable engineering
modeling of the airbreather performance.

For Mach numbers less than 6.0, the engine operates in the ram-
jet mode. In this mode, the engine could be operated over a wide
range of equivalence ratios, with.a lower bound imposed by required
engine—airframe-cooling fuel flow rate, which in general is a func-
tion of Mach number and altitude (i.e., dynamic pressure). If there
are no other considerations than combustion efficiency, it is not opti-
mum to have e > 1; thus, the upper limite < 1 is imposed. At Mach
6, the start of the supersonic combustion ramjet mode, there is a
pronounced reduction in the allowable engine equivalence ratio due
to engine operating limits on the thermal-choke-burner-exit Mach
number for the limited-variable-geometry scramjet engines. The net
result is a sharp dip in the upper bound for the air-breathing engine
to limit heat release in the combustor, as shown in Fig. 4a. As the
Mach number is increased in the scramjet mode, this constraint van-
ishes and the engine is again allowed to burn stoichiometrically. At
approximately Mach 12, the airframe—engine cooling requirement
determines the required engine fuel flow rate, and hence the equiv-
alence ratio must be greater than the stoichiometric value ¢ = 1.
In general, the engine equivalence ratio required for cooling will
be a function of Mach number and dynamic pressure, with a mild
dependence on angle of attack. In this analysis, the angle-of-attack
dependence was ignored and the cooling equivalence ratio was com-
puted at the resultant dynamic pressure constrained by the limit on
the equilibrium radiation temperature of the forebody compression-
ramp surface, which turns out to yield the optimal trajectory in the
scramjet operating mode.
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Fig. 5 Throttle-switching test function.

One option always is to turn the air-breathing engine completely
off. This is represented by the lower bound of 7, = 0. For this
option, the scramjet duct is closed off using the variable cowl ge-
ometry; no engine-cooling fuel flow is required, since the external
cowl surface is radiatively cooled. All of these constraints and re-
quirements define the set of admissible controls, and result in the
definitions of 7, = 1 and &, = 0, shown in Fig. 4a. The bounds on
the throttle setting of the rocket engine, Fig. 4b, are straightforward.

The maximization of F as given by Eq. (12) will now be given.
Let

_ C,(1+ K/p,)cos(a +6,)
T C,(1+K/p)cos(a + 8,)

Then the optimal throttle selection control law is as follows: If ¢ >
1, then

¥ (14)

n, =1
D
0 if 1—————>-—1- (15a)
Ty = foTurcos(ex + 6,) ¢
1 otherwise
_ If¢r < 1, then
7w, =1
D
0 if 1-——— > 15b
= fuTMa COS((Z + 5a) w ( )

1 otherwise

This control law may be interpreted as follows, First, the engine type
that is most fuel-efficient (in terms of optimally weighted mass and
volume flow rates) in generating thrust along the velocity vector is
turned on (the test on ¥); call this type 1. Then, type 2 is turned on,
additionally, if a second test is satisfied. This second test depends
on both the thrust-to-drag ratio of type-1 operation, and the relative
efficiencies of the two types. Note that if the thrust of type 1 is less
than the drag, type 2 is always turned on. Note also that both types
are always either on full or completely off.

Figure 5 shows the test function as a function of Mach number
for three values of K. As expected, increasing the value of X is as-
sociated with a greater emphasis on minimizing fuel volume—thus,
a greater use of the rocket and a decreasing use of the airbreather.
The associated: throttle histories are shown on Fig. 6. For K = 3
and K = 0, the airbreather is on continuously to the end of the
trajectory. The rocket comes on at a high hypersonic Mach number,
higher for K = 0 than for K = 3. For K = 20, the airbreather is
turned off before the end of the trajectory, and the rocket comes on
much earlier. In all cases, the rocket is used for takeoff acceleration
augmentation; in fact, that is what sizes the rocket.

Seramjet-Engine Liquid-Oxygen Augmentation
Hypersonic air-breathing propulsion systems produce thrust by
processing freestream air: compressing the air, typically through a
series of external and internal ramps, combusting the high-pressure
air. with fuel to add heat, and expanding the combustion product
gases through a nozzle. If more air is processed, say by flying at
higher dynamic pressures, then the engine thrust will be higher. At
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Fig. 6 Optimal throttle schedules.

high Mach numbers, air-breathing hypersonic vehicles encounterin-
creased aerothermal heating, which at first requires the engine fuel
flow to be higher than the stoichiometric value to satisfy airframe
and engine cooling needs, and eventually forcing the vehicle to fly
a lower-dynamic-pressure trajectory dictated by material tempera-
ture limits. The resulting higher-altitude, lower-dynamic-pressure
flight path results in a decrease in airbreather thrust, which can be
compensated for by several means, including use of a rocket engine.

An alternative propulsion enhancement method is the use of ox-
idizer augmentation and preburning in the hypersonic scramjet en-
gine. In an oxidizer-augmented combustor, fuel is premixed with
onboard stored oxidizer in a secondary combustion chamber, and
the combustion products are injected into the main airflow path, re-
sulting in improved combustor performance at high Mach numbers,
enhanced combustor stream force, and overall higher propulsion
system thrust. The higher engine thrust levels are achieved at the
expense of higher engine-thrust-specific fuel consumption, due to
higher onboard mass flow. Thrust offset angles and engine cooling
requirements are changed as well. Burning the fuel with onboard
oxidizer, which could be LOX or liquid air, is usually done fuel-
rich to assure efficient combustion in the preburner and enhanced
mixing of the unburned fuel with the airflow stream in the main com-
bustion chamber, The LOX-augmented engine has higher specific
thrust than the liquid-air-augmented one because of its higher com-
bustion temperatures. The oxidizer must be in liquid state to allow
combustion in the embedded rocket engine, i.e., the preburner.

The LOX could be stored onboard the vehicle at takeoff, or air
collected and liquefied by cryogenic fuel during the ascent. Then,
either the scramjet augmentation could use liquid-air preburning,
or the oxygen could be separated during the liquefaction process.
For the present study, the HAVOC code has been modified to model
all these complex interactions involved in LOX-augmented scramjet
engine performance.

In this section, we will investigate whether or not this LOX aug-
mentation is beneficial, and, if it is, determine 1) where in the flight
path it should be used, 2) how much should be used, and 3) whether
it should be carried from the ground or collected en route.

The approach to optimizing the use of LOX augmentation is sim-
ilar to determining optimal throttle switching: the function F in
Eq. (12) is maximized with respect to the amount of augmentation
at each point along the flight path. A typical result is shown inFig. 7.
This figure shows the ratio of LOX-to-LH, mass flow to the scram
jet engine as a function of M. It is seen that LOX augmentation
begins at about Mach 18, reaches the maximum allowable level at
a slightly higher M, and stays at that level until the end of the flight
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path. Figure 8 shows that the fuel rate goes up dramatically when
augmentation is used; on the other hand, the longitudinal accel-
eration also greatly increases (Fig. 9), giving shorter flight times.
The net result is that with LOX augmentation a slightly higher final
vehicle weight is obtained (as shown on Fig. 10).

It was found that the optimal use of augmentation is highly de-
pendent on the modeled scramjet performance. For example, if the
nonaugmented specific fuel consumption is reduced by 10%, or if
the augmented fuel consumption is increased by 10%, augmentation
is not optimal at any point on the trajectory.

Now consider the issue of whether it is best to store the LOX to
be used for augmentation onboard at takeoff, or to collect air dur-
ing the flight. The latter has the advantage that the takeoff weight
will be lower and thus the performance at low speeds will be better,
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but the disadvantage that the drag will be higher during air collec-
tion. Obviously, air collection will be better when the advantage is
greater than the disadvantage. Because two different segments of
the trajectory are involved, this issue cannot be decided by point-
wise evaluation of the function F; rather, the integrated performance
must be evaluated.

Suppose that the trajectory begins at energy level E, and that
subsequently air is collected in a small interval from E; to E,. The
improvement in performance at E; due to a change in mass Am
from E, to E, to first order, is obtained from Eq. (8) as

J C(BdrF
dm o1 Eo dm

If it is assumed that wing loading is held constant as the airplane
changes size and weight, both thrust and drag will tend to change
linearly with changes in mass. [The dependence of thrust on mass
comes from selecting the angle of attack to balance forces perpen-
dicular to the velocity vector— from Eq. (11)—and from the fact
that thrust varies nearly linearly with &.] Thus, from Eq. (9), the
only net dependence of F on m is via the explicit factor m, and
consequently dF /dm = — F/m. Substitution into Eq. (16) gives

E| F
Ay = —Amf —dE a7n
E m

0

This gives the reduction in performance for an increase Am in ve-
hicle mass.

Next consider the change in performance due to collecting a mass
of air Amg;, from E; to E,. Again from Eq. (8), to first order,

E
J dF dF
A = d—-Amair = Ay —dE = Amgiy — AE
dm 2 E, dm dm
(18)

where AE = E, — E, is a small energy increment. Assuming that
- the only dependence on F of the air collection is through the drag
term, we have

dF dFdD
dn ~aDdm a9
From Eq. (9),
dF F
iD= “T-D (20)
The drag associated with the air collection is
D= P, A+ pAV? @1

where P, and p are the atmospheric static pressure and density,
respectively, and A is the collection capture area. Thus

dD dA dA

— =P,— +p—V? @2

dm dm + pdm @2)
The mass captured during time At between E; and E, is m =
pAV At, so that

dm
— = pVAt?
aa= P (23)

Combining Eqgs. (18~20), (22), and (23) gives
F P,+pV?AE

AJp = —Amyy ———— 24
12 My T,-D oV Al (24
From Egs. (1), AE/At = P, so that Eq. (24) becomes |
F(P,+ pV?
Al = —Am F(P+0V7) 25)
PMZs Nair

where all quantities are to be evaluated at Ey, and where 7y is the
ratio of oxygen mass to air mass (7, = 0.2315). Equation (25)
gives the reduction in performance due to air collection.
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Fig. 11 LOX storage and LOX collection eptimization functions.

Now let

Ey
0= f LiPY 26)
E, m

0

and
_ Fi(Pay +piV})
P11 85 Nair

Then, from Egs. (17) and (25), air collection will be optimal com-
pared with LOX storage when

01> O (28)

Figure 11 shows the variation of O, and Q, along the trajectory.
It is seen that the inequality (28) is never satisfied. In fact, the in-
equality would not be satisfied even if the atmosphere were 100%
oxygen, and thus air collection is clearly inferior to LOX storage
from takeoff. Also, weight penalties for air liquefaction and dis-
posal of the nitrogen have not been included; if these penalties were
included the advantage of LOX storage would increase.

@7

Concluding Remarks

A method based on energy-state approximation has been devel-
oped to optimize propulsion-system operation of a single-stage-
to-orbit hybrid air-breathing launch vehicle. The cost functional is
a weighted sum of propellent mass and volume. To illustrate the
method, the optimal throttle switching of rocket and air-breathing
engine types was addressed. It was found that, in most cases, the air-
breathing engine was at full throttle for the entire ascent trajectory,
and the rocket was on for takeoff, then off until a high hypersonic
speed, and then on full for the rest of the trajectory. :

The use of LOX augmentation in the scramjet engine was also
considered. It was found that LOX augmentation is optimal at high
hypersonic speeds, but this conclusion is sensitive to scramjet mod-
eling. It was also determined that it is far better to carry the LOX
from takeoff than to collect and separate air during flight.
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